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Description of Three Candidate Cassini Satellite Tours

by John C. Smith

In July of 2004, the Cassini Orbiter and attached Huygens Probe will become the first spacecraft
to insert into orbit about Saturn. At the first Titan flyby in November of 2004, the Probe will
descend through the atmosphere of Titan taking in-situ measurements of this fascinating moon
for the first time. The Orbiter will conduct a four year study of Saturn, its ring system, moons,
and magnetosphere with an ambitious scientific agenda. The characteristics of the spacecraft
trajectory have a direct influence on the science return. Since the spacecraft trajectory is
modified by gravity assists provided by the Saturnian satellites (primarily Titan), the
spacecraft trajectory is referred to as the satellite tour. This paper describes three candidate
Cassini satellite tours which are indicative of tours currently under consideration for the
Cassini mission. The final Cassini tour will not be selected until well after the Earth flyby
which occurs in August 1999.

Historically, Cassini tours have been grouped into classes which share common trajectory
characteristics; more specifically, those tours which share similar time histories of orbital
inclination and local solar time of orbit apoapsis (referred to as orbit orientation). Tour classes
are determined solely by the sequence of Titan flybys, since Titan is the only Saturnian satellite
massive enough to provide significant gravity assist. The profile characterizing each class can
then be fleshed out into any number of complete tours containing flybys of the other Satumian
satellites while also accounting for the many mission constraints and science objectives. Several
years of interaction with the Cassini Project Science Group (PSG) has reduced the number of tour
classes under consideration from 18 to just 2 (referred to as the T9 and T18 classes).

Particular emphasis was placed on the T18 tour class since it’s believed to represent the best
compromise between science return and mission operability. The tour design process is a
continual tradeoff between science return and mission constraints. Two T18 class tours, referred
to as T18-4  and T18-5, are described in this paper and bracket the extremes in this trade space.
A third tour from the T9 class illustrates what is probably the upper limit in science return
possible for a Cassini  tour but which violates more operational constraints than tours in the T18
class. This tour is referred to as T9-1  and is the only complete T9 tour produced to date. A
comparison of the three tours illustrates some the tradeoffs involved in the design process and
also provides a glimpse as to what the final tour may look like.

The initial and finaI orientations of all three tours are very similar; however, the trajectories
are quite different. Some of the basic tour characteristics are listed in Table 1. Note that the
number of Titan flybys varies considerably among the tours as does the AV required. Since T18-4
and T18-5 are in the same tour class, their trajectories are similar, but even within the same
class, the differences are striking. The first 1.2 years are common to these three tours and all
tours currently under consideration by the Project. The large post-insertion orbit, Probe
delivery, two Enceladus flybys, and an important set of Saturn/ring occultations all occur
within the first year of the tour. All Project teams judged that the design of the first year
accomplished key science objectives while meeting all mission constraints and therefore should
not be modified. Therefore, when the tour design is finalized in the year 2000 time frame, only
the last 3 years will be subject to modification.



Table 1 Trajectory Characteristics

Tour Number Number Number Number Dctcrmin- Approximate
Titan Targeted Nontargctcd Inclined Orbit istic AV Deterministic

FI ybys Icy Icy Satellites sequences (m/s) and Statistical
Satellite <100,000 km (Maximum AV (m/s)

s Altitude Inclinations, 0,
T18-4 39 7 42 3 (22, 56, 71) 239 425
T18-5 44 7 33 3 (22, 59, 75) 225 433
T9-1 51 9 45 4 (22, 58,58, 72) 278 534

The primary difference between these three tours is the method used to change the orbit
orientation during the second and third years of the tour. Titan gravity assists are used to
change the local solar time of orbit apoapsis from the initial dawn orientation (apoapsis  over
Saturn dawn terminator) to near noon orientation (apoapsis  over Saturn sub-solar point). This
change in orbit orientation is accomplished by one of two methods. The first is equatorial orbit
rotation in which the apoapsis orientation is changed by a series of nonresonant orbits in which
the orbit period is alternately increased and decreased and is characterized by near zero orbit
inclination. The second method is referred to as a 180° transfer. In this method a series of
constant period orbits is used to increase inclination while also increasing orbit eccentricity to
the point where both the ascending and descending nodes are at Titan’s orbital radius. The true
anomaly of Titan in its orbit at which it is encountered by the spacecraft is then changed by
180°, and then orbit inclination is decreased back to near zero. Figure 1 illustrates the
geometry of a 180° transfer which rotates the orbit from dawn to midnight orientation. Note
that inclination is maximum at the midpoint of the sequence. Both methods begin and end with
equatorial orbits and change the orbit orientation by similar amounts. However, the 180°
transfer also provides moderately inclined orbits and much lower Titan flyby altitudes which
are quite advantageous for many science objectives such as ring, magnctospheric,  and Titan
observations. The 180° transfer sequence of orbits is more stressful operationally since the time
between satellite encounters is much shorter than when equatorial rotation is used.

The three tours discussed in this paper illustrate how the incorporation of various 180° transfer
sequences affects the final tour design. The second year of the tour is spent changing orbit
apoapsis orientation to the midnight position such that sampling the deep Saturn magnetotail
can be obtained. This is accomplished using equatorial rotation in the two T18 class tours and by
a 180° transfer in the T9-1 tour. Note from Table 2 that the time between flybys is much lower
for T9-1 than either T184 or T18-5  during the second year. The higher AV for T9-1 (see Table 1 )
results because T9-1 uses two 180” transfers during the tour whereas the T18 tours use only one.

Table 2 Encounter Frequency Comparison

\
Tour Average Time Between Satellite Flybys (Days)

Year 1 Year 2 Year 3 Year 4
T18-4 48.1 25.5 26.6 31.5
T18-5 48.1 26.5 21.3 24.6
T9-1 48.1 17.2 17.9 25.8 4



The third year tour objective is to further change orbi t orientation from midnight to near noon to
set up atmospheric observations and radio occultations at Saturn’s higher latitudes. All three
tours use a 180° transfer to accomplish orientation change. However, the characteristics of the
orbits comprising the 180° transfer sequence are different for all three tours and thus yield
differing science return and levels o~rational stress (see Year 3 column in Table 2). The fourth
year tour objective is to increase orbit inclination to beyond 70° and is accomplish in a similar
manner in all three tours described.

The science return is, of course, influenced by much more than just the design of the 180” transfer
sequences. The incorporation of additional Saturnian satellites into the tour represents an
especially difficult challenge since these satellites must be obtained on orbits which return
nearly ballistically to Titan. Constraints on the epochs of maneuvers due to navigation and
ground system requirements also represent mapr challenges to the tour design.
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Figure 1 180 deg. Transfer Orbit Geometry
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Description of Three Candidate Cassini Satellite Tours

by John C. Smith

In July of 2004, the Cassini Orbiter and attached Huygens Probe will become the first spacecraft
to insert into orbit about Saturn. At the first Titan flyby in November of 2004, the Probe will
descend through the atmosphere of Titan taking in-situ measurements of this fascinating moon
for the first time. The orbiter will conduct a four year study of Saturn, its ring system, moons,
and magnetosphere with an ambitious scientific agenda. The characteristics of the spacecraft
trajectory have a direct influence on the science return. Since the spacecraft trajectory is
modified by gravity assists provided by the Sat u rnian satellites (primarily Titan), the
spacecraft trajectory is referred to as the satellite tour. This paper describes three candidate
Cassini  satellite tours which are indicative of tours currently under consideration for the
Cassini mission. The final Cassini tour will not be selected until well after the Earth flyby
which occurs in August 1999.

Historically, Cassini tours have km grouped into classes which share common trajectory
characteristics; more specifically, those tours which share simiIar time histories of orbital
inclination and local solar time of orbit apoapsis (referred to as orbit orientation). Tour classes
are determined solely by the sequence of Titan flybys, since Titan is the only Saturnian satellite
massive enough to provide significant gravity assist. The profile characterizing each class can
then be fleshed out into any number of complete tours containing flybys of the other Satumian
satellites while also accounting for the many mission constraints and science objectives. Several
years of interaction with the Cassini Project Science Group (PSG) has reduced the number of tour
classes under consideration from 18 to just 2 (referred to as the T9 and T18 classes).

Particular emphasis was placed on the T18 tour class since it’s believed to represent the best
compromise between science return and mission operability. The tour design process is a
continual tradeoff between science return and mission constraints. Two T18 class tours, referred
to as T18-4 and T18-5,  are described in this paper and bracket the extremes in this trade space.
A third tour from the T9 class illustrates what is probably the upper limit in science return
possible for a Cassini tour but which violates more operational constraints than tours in the T18
class. This tour is referred to as T9-1 and is the only complete T9 tour produced to date. A
comparison of the three tours illustrates some the tradeoffs involved in the design process and
also provides a glimpse as to what the final tour may look like.

The initial and final orientations of all three tours are very similar; however, the trajectories
are quite different. Some of the basic tour characteristics are listed in Table 1. Note that the
number of Titan flybys vanes considerably among the tours as does the AV required. Since T18-4
and T18-5 are in the same tour class, their trajectories are similar, but even within the same
class, the differences are striking. The first 1.2 years are common to these three tours and all
tours currently under consideration by the Project. The large post-insertion orbit, Probe
deIivery,  two Enceladus  flybys, and an important set of Saturn/ring occultations all occur
within the first year of the tour. All Project teams judged that the design of the first year
accomplished key science objectives while meeting all mission constraints and therefore should
not be modified. Therefore, when the tour design is finalized in the year 2000 time frame, only
the last 3 years will be subject to modification.
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Flybys Icy Icy Satellites Sequences (m/s) and Statistical
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T18-4 39 7 42 3 (22, 56, 71) 239 425
T18-5 44 7 33 3 (22, 59, 75) 225 433
T9-1 51 9 45 4 (22, 58,58, 72) 278 534

The primary difference between these three tours is the method used to change the orbit
orientation during the second and third years of the tour. Titan gravity assists are used to
change the local solar time of orbit apoapsis from the initial dawn orientation (apoapsis  over
Saturn dawn terminator) to near noon orientation (apoapsis  over Saturn subsolar point). This
change in orbit orientation is accomplished by one of two methods. The first is equatorial orbit
rotation in which the apoapsis orientation is changed by a series of nonresonant orbits in which
the orbit period is alternately increased and decreased and is characterized by near zero orbit
inclination. The second method is referred to as a 180° transfer. In this method a series of
constant period orbits is used to increase inclination while also increasing orbit eccentricity to
the point where both the ascending and descending nodes are at Titan’s orbital radius. The true
anomaly of Titan in its orbit at which it is encountered by the spacecraft is then changed by
180°, and then orbit inclination is decreased back to near zero. Figure 1 illustrates the
geometry of a 180° transfer which rotates the orbit from dawn to midnight orientation. Note
that inclination is maximum at the midpoint of the sequence. Both methods begin and end with
equatorial orbits and change the orbit orientation by similar amounts. However, the 180”
transfer also provides moderately inclined orbits and much lower Titan flyby altitudes which
are quite advantageous for many science objectives such as ring, rnagnetosphenc,  and Titan
observations. The 180° transfer sequence of orbits is more stressful operationally since the time
between satellite encounters is much shorter than when equatorial rotation is used.

The three tours discussed in this paper illustrate how the incorporation of various 180° transfer
sequences affects the final tour design. The second year of the tour is spmt changing orbit
apoapsis orientation to the midnight position such that sampling the deep Saturn magnetotail
can be obtained. This is accomplished using equatorial rotation in the two T18 class tours and by
a 180° transfer in the T9-1 tour. Note from Table 2 that the time between flybys is much lower
for T9-1 than either T18-4 or T18-5  during the second year. The higher AV for T9-1 (see Table 1)
results because T9-1 uses two 180’ transfers during the tour whereas the T18 tours use only one.

Table 2 Encounter Frequency Comparison

I
Tour I Average Time Between Satellite Flybys (Days)

I

) ~~ ‘EE3a3aYear 1
T18-4
T1 8-5
T9-1



The third year tour objective is to further change orbit orientation from midnight to near noon to
set up atmospheric observations and radio occultations at Saturn’s higher latitudes. All three
tours use a 180° transfer to accomplish orientation change. However, the characteristics of the
orbits comprising the 180° transfer sequence are different for all three tours and thus yield
differing science return and levels operational stress (see Year 3 column in Table 2). The fourth
year tour objective is to increase orbit inclination to beyond 70° and is accomplished in a similar
manner in all three tours described.

The science return is, of course, influenced by much more than just the design of the 18(F transfer
sequences. The incorporation of additional Saturnian satellites into the tour represents an
especially difficult challenge since thew satellites must b obtained on orbits which return
nearly ballistically to Titan. Constraints on the epochs of maneuvers due to navigation and
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